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Abstract
Wind turbine is a nonlinear system used to convert wind’s kinetic energy into
electricity. Turbulence nature of wind produce fluctuation in output power
and highly varying load of structural components (i.e., rotor blade, tower,
gearbox etc. ) which could reduce their life time. There are mainly two region
of control determined by wind speed. For above-rate wind speed (Region
II), typically generator torque is controlled to maximize the captured power
by tracking the maximum power coefficient. For above-rated wind speed
(Region III), generator speed is regulated at its rated value and fatigue of the
components are mitigated using collective pitch control (CPC) or individual
pitch control (IPC) for variable speed wind turbine. There are three types of
loads acting on wind turbine. Steady aerodynamic loads are associated with
mean wind speed and centrifugal forces on the blades. The fatigue life of the
onshore wind turbine is generally defined on the basis of random fluctuating
loads and its main source is turbulence. Periodic aerodynamic loads are
generated due to wind shear, tower shadow, wake effect, rotor rotation and
off-axis wind. These periodic loads add flickers as 1p, 3p, 6p etc., (p is the
rotor rotational frequency) for three bladed wind turbine. The control of
wind turbines is a challenging task with multiple objectives like structural
fatigue, slip in the generator and power production.
The main contribution of this thesis is to develop a multivariable control
to reduce fatigue of drive-train, rotor and tower for above rated wind speed.
Proportional–integral (PI), linear-quadratic-Gaussian (LQG) and disturbance
accommodation control (DAC) control schemes are used to mitigate the effect
of turbulent wind. Wind turbines installed in the cold climate areas has
an icing on its rotor blade which might change its aerodynamics. We have
performed an experiment to analyze the aerodynamic changes occur due
to the ice accumulated on the rotor blades of wind turbine. Three small
scale model of the NREL’s 5MW rotor blade with same profile and simulated
different icing effect are printed with 3D printer are tested in a Wind Tunnel.
Power coefficient curves generated from the test results are compared to see
the aerodynamic changes due to icing effect.
Moreover, DAC control strategies are developed to mitigate loads gen-
iii
erated by wind shear and tower shadow effect using CPC of wind turbine.
Multivariable disturbance accommodated observer based control (DOBC) is
developed and tested on FAST code model of NREL’s 5 MW wind turbine
with multiobjective control to reduce loads on drive train and tower, reg-
ulation in output power using individual blade pitch control. Then linear
multivariable disturbance observer based controllers are developed at two
operating point and a novel scheme is presented to switch between two con-
troller in a smooth way. A glitch free gain-scheduling algorithm based on
the interpolation of parameters such that closed loop system remain stable
throughout the interpolation for DOBC is presented and tested on wind tur-
bine for above rated wind speed.
Resumé
Vindmølle er en ikke-lineært system anvendes til at konvertere vindens kinetiske
energi til elektricitet. Turbulens natur vind producere udsving i udgangsef-
fekt og stærkt varierende belastning af strukturelle komponenter (dvs. vinge,
tårn, gearkasse etc.), som kan reducere deres levetid. Der er primært to re-
gion af kontrol bestemmes af vindhastigheden. For ovennævnte sats vind-
hastighed (Region II), typisk generator moment styres til at maksimere det
opfangede effekt ved at spore den maksimale effekt koefficient. For over-
rated vindhastighed (Region III), er generator hastighed reguleret på den
nominelle værdi og træthed i komponenter er afbødes ved hjælp af kollektiv
pitch kontrol (CPC) eller individuel pitch kontrol (IPC) til variabel hastighed
vindmølle. Der er tre typer af belastninger, der virker på vindmølle. Steady
aerodynamiske belastninger er forbundet med betyde vindhastighed og cen-
trifugale kræfter på vingerne. Udmattelseslevetiden den onshore vindmølle
er generelt defineret på grundlag af tilfældige svingende belastninger og dens
vigtigste kilde er turbulens. Periodiske aerodynamiske belastninger gener-
eres på grund wind shear, tårn skygge, wake effekt, rotor rotation og off-akse
vind. Disse periodiske belastninger tilføje flimmer som 1p, 3p, 6p etc., (p er
den rotor rotationsfrekvens) for trebladet vindmølle. Styringen af vindmøller
er en udfordrende opgave med mange mål som strukturel træthed, glide i
generatoren og elproduktionen.
Det vigtigste bidrag med denne afhandling er at udvikle en multivariabel
kontrol at reducere træthed i drive-tog, rotor og tårn for ovennævnte bedømt
vindhastighed. Proportional-integral (PI), lineær-kvadratisk-Gauss (LQG) og
forstyrrelser overnatning kontrol (DAC) kontrol ordninger anvendes til at
afbøde virkningen af turbulent vind. Vindmøller installeret i det kolde klima
områder har en glasur på dens rotorblad, som kan ændre sine aerodynamik.
Vi har udføres et eksperiment for at analysere de aerodynamiske ændringer
forekomme på grund til akkumuleret på rotorbladene af vindmøllens is. tre
små skalamodel af NREL s 5 MW rotorblad med samme profil og simuleret
forskellige glasur effekt udskrives med 3D-printer er testet i en vindtunnel.
Power koefficient kurver genereret fra testresultaterne sammenlignes for at
se de aerodynamiske ændringer som følge af tilisning effekt.
v
Desuden er DAC kontrolstrategier udviklet til at mindske belastninger
genereret af vind shear og tårn skygge effekt ved hjælp CPC vindmølle.
Multivariable forstyrrelse indkvarteret observatør baseret kontrol (DOBC) er
udviklet og testet på FAST kode model af NREL s 5 MW vindmølle med
multiobjective kontrol for at reducere belastninger på drev toget og tårnet,
regulering i udgangseffekt anvender individuel bladvinkelregulering kon-
trol. Så lineær multivariable forstyrrelse observatør baserede controllere er
udviklet på to driftspunkt og en roman ordning præsenteres for at skifte
mellem to controller i en jævn måde. En glitch gratis gain-planlægning al-
goritme baseret på interpolationen af parametre, således at lukket kredsløb
forblive stabil hele interpolation for DOBC præsenteres og testet på vind-
mølle for ovennævnte bedømt vindhastighed. 1
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Thesis Frame Work and
Background
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1. Introduction
1 Introduction
1.1 Background and Motivation
Renewable energy sources-biomass, wind, solar, hydro and geothermal- are
clean sources of energy with lower environmental impact than non-renewable
energy sources- coal, petroleum, natural gas, propylene and Uranium. Elec-
tricity generation is the leading cause of air pollution comes from coal, nu-
clear, and other non-renewable power plants. Whereas renewable energy
sources are domestic sources of energy provides increased energy indepen-
dence and energy supply security at the national level. These sources can be
used to produce electricity without producing carbon dioxide which is the
leading cause of global climate change and never runs out. Electricity gen-
erating from renewable energy offers significant public health benefits. The
air and water pollution emitted by coal and natural gas plants are creating
health issues like breathing problems, neurological damage, heart attacks,
and cancer. By the replacement of fossil fuels with renewable energy has
been reducing premature mortality and overall healthcare costs [1]. Renew-
able energy is providing affordable electricity and costs of renewable energy
technologies have reduced steadily e.g., the average price of a solar panel
has descended about 60 percent since 2011 [2] and electricity generation cost
from wind reduced to more than 20 percent between 2010 and 2012 and more
than 80 percent since 1980 [3]. Wind power generation has been expended
quickly in United states and generation from wind may reach to 20% of total
electricity by 2030 [4] [13]. According to the European Wind Energy Asso-
ciation Report [5] wind power was the energy technology with the highest
installation rate with 43.7% and Solar PV was second with 29.7% of all new
installations in 2014 as shown in Fig . 1
Fig. 1: Share of New Power Capacity Installed in EU(MW) [5]
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Wind energy is an important source of renewable energy and deliver
power with minimal impact on environment. A system that converts wind
into the useful work is called wind energy conversion system (WECS) and
today the most common is the wind turbine. Wind turbine can be divided
into two categories on the basis of their axis of rotation; horizontal axis wind
turbine (HAWT) and vertical axis wind turbine (VAWT). HAWT have advan-
tages over VAWT and wind turbine technology started from the fixed-speed
then moved to variable-speed operation to increase the extracted power be-
low rated wind speed. Aerodynamic control in combination with power
electronics is used to regulate torque, rotational speed and power of wind
turbine. Wind turbine control’s main objective is to maximize power and re-
duce its transient, steady, cyclic and stochastic loads. It can be operated in
different modes which are defined on the basis of rotational speed, power
and wind speed. Wind turbine starts rotating at cut-in wind speed (Vcut−in),
it deliver rated power at rated wind speed (Vrated) and turbine shutdown
to avoid damage at cut-out wind speed (Vcut−out). For National Renewable
Energy Laboratory (NREL)’s 5MW wind turbine [6]; power available to the
turbine, extracted power and regions of control are shown in Fig. 2.
Fig. 2: NREL’s 5 MW Wind Turbine Power Curve [7]
Wind turbine typically have four region of control. Region 1 is from the
start up to cut-in wind speed when generator starts producing power. Re-
gion 2 (Below-rated wind speed) is from the above cut-in wind speed to rated
wind speed and control objective is to capture as much power as possible by
maximizing aerodynamic efficiency. Region 3 (Above-rated wind speed) is
from above rated wind speed to cut-out wind speed where the control objec-
tive is the regulation of rotor speed and reduction of loads on its components.
Region 4 starts from the cut-out wind speed when wind turbine shuts down
to avoid damage due to high wind. Advanced control algorithms have be-
come necessary to meet multiple objectives such as maximum power, speed
regulation, blade load mitigation, and mode stabilization. The control objec-
tives of wind turbine vary over the entire wind speed regions and hence arise
4
1. Introduction
the need of developing an intelligent control system that can maximize not
only the wind energy captured but also extend the lifetime of wind turbine
components.
In Region 2, typically blade pitch angle is kept constant and generator
torque is controlled to keep tip-speed ratio (TSR) at its optimal value to max-
imize output power of the wind turbine. In Region 3, generator torque is kept
constant and blade pitch angle is controlled to regulate the generator speed
at its rated value and to reduce structural loads. As modern wind turbines
are larger in size, so its components are very expensive and large fatigue of
component may result their failure [12]. Various types of loads acting on
wind turbine with their sources [8] [9] [10] are summarized in Fig.3.
Steady Periodic Randomly Fluctuating
Mean Wind Speed
Tower Shadow
Wake Effects
Rotor Rotation
Off-axis Wind
Wind Shear
Gusts
Turbulence
Dynamic Effects
Aerodynamic LoadsAerodynamic Loads Aerodynamic Loads
Sources
Load
Type
Fig. 3: Loads on Wind Turbine
• Steady Loads are due to mean wind speed, centrifugal forces on the
blades and weight of the machine on tower.The steady aerodynamic
loads contributes to the long-term power production estimations.
• Periodic or Cyclic loads are generated due to the rotation of the rotor.
The basic cyclic load are at blade roots due to the gravitation force. As
wind speed varies with the height of the rotor is called wind shear.
When wind turbine rotor blade passed from the tower then wind speed
acting on rotor will be decelerated which is known as tower shadow.
Additionally, constant off-axis winds will also cause similar periodically
changing load on the turbine and the blades.
• Random variation of the wind speed in time and space around a mean
value is known as turbulence which is the main source of fluctuating
aerodynamic loads. Fatigue life of the onshore wind turbine is generally
defined on the basis of loads due to the turbulence. Sudden increase
in wind speed which lasts from 3 to 20 sec and imposes high loads on
the blades of the wind turbine is called a gust [10]. Wind gusts acting
5
on the whole area of the blade and partial gusts acting on part of the
rotor area of the blade can trigger aerodynamic states which may result
airfoils stall and generate extreme load changes.
1.2 State of the Art
Various linear and nonlinear control strategies have been used to meet mul-
tiple objectives of wind turbine [12] . Nonlinear control techniques are con-
cerned with the analysis and design of nonlinear systems [18]. As we know
that nonlinear technique have more mathematically intensive so controller
will take longer time than linear system which has less computation. Non-
linear system can be divided into linear system in a limited range of opera-
tion and then a gain scheduling [19] or adaptive [20] control scheme can be
used to solve the problem. Bossanyi reviewed [21] [22] some recent devel-
opments in control algorithms for pitch control and generator torque control
for variable speed turbines. He discussed that in addition to improving the
control design, it is also possible to add some additional sensors to achieve
its objectives effectively. These additional actuators are implementing indi-
vidual pitch controllers for each blade and then control performance can be
improved by making trade-off between energy capture and loads. Then by
adding the accelerometer and load sensors [23] [24] independent blade pitch
is implemented to achieve its objectives more effectively. Advanced controller
design strategies can provide an explicit mathematical formulation for con-
troller design with multiple objectives including load reduction and are used
on commercial turbines to a limited extent.
Classical control theory (also know as conventional control theory) deals
only with single-input, single-output (SISO) systems and most widely used
industrial controller is the Proportional-Integral-Derivative (PID); it has been
used to regulate generator speed by controlling rotor blade pitch for full load
operation of wind turbine [12]. A trade-off study between minimization of
the deviation of the rotor speed from desired speed with actuator dynam-
ics for constant power production using PID controller is illustrated [25] and
optimal operating conditions are determined. Commonly PI controller is
used to adjust rotor speed above the rated wind speed. Since wind turbine is
highly nonlinear, so one set of parameter may not provide good performance.
Therefore an expert PID controller based on a tracking differentiation is pre-
sented [27] to restrain the overshoot of rotor speed and provide better perfor-
mance as compared to PI control. Also a self tuning PID control [26] using
reinforcement learning in an adaptive way by taking benefit of the model free
learning and new type of integral control action was used.
Modern control theory [28] is based on time-domain analysis of differen-
tial equation systems and can handle multiple-input, multiple-output (MIMO)
systems. Linear Quadratic Gaussian (LQG) is a linear control design based
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on state-space model of the system and is used for the power regulation in
the high wind speed [29] for variable speed wind turbines using collective
blade pitch [11] [12]. The simulation result showed that the LQG controller
has good power regulation as compared to PI control. General formulation
of the LQG [30] with the design procedures for the Controls Advanced Re-
search Turbine (CART) and pole placement technique for LQR design [31] to
make closed loop stable for wind turbine. However better performance was
achieved using optimal control theory [32] [33] to minimize quadratic cost
function and can also be used to a multivariable systems. MIMO LQR con-
troller was designed [34] for a horizontal variable speed wind turbine with
focus on optimality of the trade-off between the wind energy conversion max-
imization and the minimization of the fatigue in the mechanical structure for
above rated wind speeds. Then a wind-scheduling LQR with online wind
speed estimation is designed for a multi-MW size wind turbine [35] by lin-
earizing wind turbine along the operating point trajectory.
Disturbance Accommodation Control (DAC) is model based control ap-
proach to reject disturbance from a linear system and is used to reduce
loads on wind turbine by controlling the rotor blade pitch [12] [13]. Alan
D. Wright [36] used modern state-space control for two-bladed wind tur-
bine based on the DAC method to provides damping in several low-damped
flexible modes of the turbine and to regulate turbine speed. These modern
controls designs have effectively mitigated tower fore-aft motion, drive-train
shaft torsion moments, and blade root flap bending moments as compared
to classical control. Also tested multi-input multi-output (MIMO) control
method [37] based on state-space models to meet multiple objectives. He
has prepared report about the design, testing through simulation and field
testing of advanced wind turbine and showed that load mitigating poten-
tial of the advanced state-space controllers is better than as compared to
the classical control. Cyclic aerodynamic loads are generated due to peri-
odic disturbances are mitigated using generator torque control [38] and then
these harmonics are mitigated using individual pitch control [39] strategy for
wind turbine with Doubly Fed Induction Generator (DFIG) to reduce fatigue
of components [13]. For two bladed Control Advanced Turbine (CART2),
flickers are mitigated using DAC caused by wind shear and tower shadow
effects [40]. A mathematical time domain modeling of the torque oscilla-
tions for three-bladed horizontal-axis upwind turbines caused by periodic
effects are discussed in [41] [42] [43] [44]. Composite controller based on
disturbance tracking theory(DTC) is designed for region 2 operations using
IPC [46] and then optimal control theory is used to design DAC [47] to meet
multiple objectives of wind turbine. Also periodic DAC techniques [45] is
used to regulate rotor speed at above-rated wind speeds while mitigating
cyclic blade root loads using individual blade pitch for a two-bladed down-
wind machine. This periodic controller shows a potential in reducing blade
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loads without sacrificing rotor speed regulation.
Modern control systems have the capability to handle MIMO system in
efficient manner. Multivariable control algorithm [51] [52] has been used for
the tuning of individual control loops; PI is used to generate demanded col-
lective pitch angle for regulating generator speed and IPC is used to reduce
structural load. Boukhezzar used a multivariable control strategy by combin-
ing a nonlinear state feedback torque control with a linear blade pitch angle
control for the above-rated power operating condition of wind turbine [48]
and overall instantaneous control input is the combination of collective pitch
angle and perturbed IPC pitch angle demand input. MIMO systems are rep-
resented by transfer matrix and robust control has been also used to design
the controller with uncertainties [53] [54]. Multivariable pitch controller with
H∞ norm minimization for collective and cyclic pitch has been used [49]
with objective to reduce load and power regulation. It has actively increased
damping of the first axial tower bending mode and reduced 1p fluctuations
in blade root bending moments. Multi-Objective mixed H2/H∞ control de-
sign on the basis of linear model with pole placement constraint is used [50]
to mitigate unwanted oscillations in the drive train, tower and generator ro-
tational speeds at its rated values. Observer-based controllers play an impor-
tant role to handle multivariable systems due to their wide use in industry
because process variables that are not directly accessible by measurements
can be estimated for feedback. Any controller with estimator can be formu-
lated as observer based controller and practical appeal of observer based con-
trol is that they allow a simplified implementation of gain scheduling with
an explicit separated estimation/control structure [55]. An observer-based
output feedback control for uncertain systems [56] using LQR optimization
is used to minimize the energy while variable structure control law is used
for robustness to uncertainty. Disturbance-observer based control (DOBC)
have been researched in various industrial sectors are reviewed of linear and
nonlinear systems [57].
Operation of wind turbines at different wind speeds require some kind of
gain scheduling, so linear parameter varying control (LPV) of robust control
is applied [58] for both partial load and full load conditions. Gain scheduling
strategy for multivariable controller [59] which interpolates between unsta-
ble controllers based on µ synthesis is used. One important step is the gain
scheduling of linear controllers such that the controller coefficients are sched-
uled with the current value of the exogenous or endogenous scheduling sig-
nal. A safe bumpless transfer has been proposed [60] between two observer-
based controllers for linear multivariable system by the interpolation of co-
variance to keep the closed loop system stable and bumpless transfer with
integral action [61] based on the Youla-Kucera parametrization is used for
wind turbine. LPV design methods are investigated [62] and gain-scheduling
(GS) control techniques to floating offshore wind turbines on barge platforms.
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Modeling and controller performance evaluation are presented for both low
and high wind speed cases [63], [64] [65].
1.3 Objectives and Contributions
The objective of this thesis is the analysis and design of a multivariable con-
trol for load mitigation using CPC or IPC of large scale wind turbine for full
load operation to regulate output power and to reduce the fatigue of the com-
ponents. The objectives of the wind turbine control are quite preemptively as
follows.
• Improvements in cost-effectiveness and reliability of wind turbine.
• Regulate the output power under the effect of aerodynamic loads.
• Mitigate loads on wind turbine components to increase life and reduce
failure.
• Harmonic Mitigation because of frequencies which may cause reso-
nance in the mechanical structure.
• Mitigation of tower oscillations in side-to-side and fore-aft directions.
• Aerodynamic analysis to see effect of ice/dirt accumulation on rotor
blade of wind turbine to reduce th failure .
• Maintain safe turbine operation
The contributions to achieve the above objectives are listed as follows:
• In Paper A; LQG control scheme is developed based on three-state lin-
ear model of wind turbine to regulate generator speed and mitigate
the effect of turbulent wind in the presence of sensor noise. Numeri-
cal linearization technique is used for the generation of linear model,
plant and measurement noises are considered as Gaussian noise. Two-
bladed Control Advanced Research Turbine (CART2) used as research
object and developed controller is tested on linear model. The proposed
controller provide better mitigation to turbulent wind in the presence
of measurement noise as compared to PID control.
• In Paper B; DAC control strategy is developed to reduce periodic dis-
turbances using CPC for full load operation of wind turbine. It is tested
on National Renewable Energy Laboratories (NREL) 5MW three-blade
wind turbine. The proposed controller shows good regulation of gen-
erator speed, reduced fatigue of gearbox, robustness to parametric un-
certainties and stability.
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• In Paper C; Multivariable DAC is presented to mitigate the effect of
periodic aerodynamic loads caused by wind shear and tower shadow
effect using CPC of wind turbine. Wind profile with periodic effects
is presented for the simulation and tested on NREL’s 5MW nonlinear
model with actuator dynamics. It can be concluded from the results that
proposed control has good regulation of output power, better mitigation
to turbulent wind and to flickers generated due wind shear and tower
shadow using collective pitch control.
• In Paper D; Wind turbine installed in the cold climate areas has an icing
on its rotor blade which might change its aerodynamics. This paper is
about wind tunnel experiment to see the aerodynamic changes occur
due to effect of ice accumulated on the rotor blades of wind turbine. The
results showed that maximum Cp value is reduced with the increase of
ice accumulation which will result less power production and more
fatigue of the components of the wind turbine. As the blade with ice
on lead edge shows different characteristics than the blade with ice on
lead-trail edge Ice, so control should be able to monitor theses changes
and adapt accordingly.
• In Paper E; Multivariable Disturbance Observer Based Control (DOBC)
is presented to mitigate the periodic aerodynamic loads of wind tur-
bine. These periodic loads are caused by wind shear and tower shadow
add flickers as 1p, 3p, 6p etc., (p is the rotor rotational frequency) for
three bladed wind turbine. We have developed a novel DOBC to miti-
gate the flickers using IPC and linear state space model of wind turbine
with tower dynamics is also presented. The proposed controller per-
formance is compared with PI and DAC with collective pitch control.
The degradation in the performance of the controller as moving away
from the operating point is assessed by applying step changing wind
for Region III. Furthermore, a comparison of power spectral density of
generator speed, drive-train torsion and tower fore-aft moment shows
better mitigation to the flickers by applying turbulent wind. It can in-
ferred from the comparison of results that presented control strategy
have good regulation of output power, mitigation 1p, 3p and 6p flicker
and reduced fatigue of components as compared as compared to PI and
DAC.
• In Paper F; This paper has presented a systematic method for design-
ing a parametrized DAC for full load operations of wind turbine. The
presented control strategy is designed using LPV design method which
provides bumpless transition between different DAC controllers. We
have presented and discussed issues for the smooth transfer of DAC
controllers and tested on the wind turbine for full load operation. The
10
1. Introduction
proposed method for obtaining a stable design has been used for the
design of an LPV controller for above rated wind speed condition of
wind turbines. By the comparison of the results generated from the
simulation studies of presented parametrized controller and DAC con-
troller designed at mid wind speed, it has been concluded that the
parametrized DAC controller achieves better performance by a decrease
in pitching activity and reducing fatigue of the drive train without af-
fecting the produced power.
1.4 Outline of the Thesis
The organization of the thesis is shown in fig. 4 and is as follows:
Wind Turbine Modeling
Part I
DAC Design
Part II: Paper B
LQG Design
Measurment Noise Mitigation
DAC Design
Step and Periodic Dist. Mitigation
Part II: Paper C
Under Icing Condition
Aerodynamic Analysis
Part II: Paper D
Disturbance Observer Based Control
Multivariable
Part II: Paper E
Disturbance Accommodation Control
Gain Scheduling
Part II: Paper F
Control Techniques
Part I
Step Dist. Mitigation
Part II: Paper A
Fig. 4: Structure of the Thesis
• Part I: Introduction
• Part II: Papers
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• Paper A: LQG Controller Design for Pitch Regulated Variable Speed
Wind Turbine, (Raja M. Imran , D. M. Akbar Hussain, and Zhe Chen).
In the Proceeding of IEEE International Energy Conference (ENERGY-
CON), Dubrovnik Croatia, 2014.
• Paper B: DAC with LQR Control Design for Pitch Regulated Vari-
able Speed Wind Turbine, (Raja M. Imran , D. M. Akbar Hussain, and
Mohsen Soltani). In the Proceeding of IEEE International Telecommu-
nications Energy Conference (INTELEC), Vancouver, BC, Canada, 2014.
• Paper C: DAC to Mitigate the Effect of Periodic Disturbances on
Drive Train using Collective Pitch for Variable Speed Wind Turbine,
(Raja M. Imran , D. M. Akbar Hussain, and Mohsen Soltani).In the
Proceeding of IEEE International Conference on Industrial Technology
(ICIT), Seville, Spain, 2015.
• Paper D: An Experimental Analysis of the Effect of Icing on Wind
Turbine Rotor Blade, (Raja M. Imran , D. M. Akbar Hussain, and
Mohsen Soltani). In the Proceeding of IEEE PES TD Conference and
Exposition, Dallas, USA, 2016.
• Paper E: Optimal Tuning of Multivariable Disturbance-Observer-Based
Control for Flicker Mitigation Using IPC of Wind Turbine, (Raja M.
Imran , D. M. Akbar Hussain, Mohsen Soltani, Raja M. Rafaq). Submit-
ted to Journal of IET Renewable Power Generation .
• Paper F: Bumpless Transfer of Parametrized Disturbance Accommo-
dated Controller for Wind Turbine, (Raja M. Imran, D. M. Akbar Hus-
sain, Bhawani Shanker Chowdhry, Raja M. Irfan). Submitted to Journal
of Energies.
2 Wind Turbine Modeling
2.1 Introduction
We have used two wind turbine models; linear model and FAST code model.
As for control design we need a simplified model, we have considered re-
duced order two-mass model of wind turbine. This reduce order model is
linearized using numerical and first principle linearization techniques to get
three-state and five-state model. Then control techniques are developed on
the basis of these linear models and simulation are performed on nonlinear
FAST code model of wind turbine.
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2.2 Wind Energy Conversion System (WECS)
A WECS consists of rotor blades, gearbox, generator and tower. The interac-
tion of these subsystem [19] is shown in Fig.5
Aerodynamics Drivetrain Generator
Pitch Actuator
Tower
P
βr ef
β
Qa ωg
Qgωr
Ta
q̇
Vhv Pg
Qg,r ef
Fig. 5: Wind Turbine Subsystem Interconnection [15]
2.2.1 Aerodynamics
Available power [11] [12] [13] [14] is
Pwind =
1
2
ρA v3 (1)
Harvested power [11] [12] [13] [14] is
Pext =
1
2
ρACp(λ, β) v3 (2)
v is wind speed, A is rotor swept area and ρ is air density. λ is tip speed
ratio. β, R, ωr are blade pitch angle, length and angular rotational speed of
rotor blade respectively.
Aerodynamic torque exerted by rotor on drive-train is Qa and Ta is the thrust
force on the nacelle of the wind turbine [15] [19] can be written as
Qa(t) =
1
2
ρπR2
v3(t)
wr(t)
Cp(λ(t), β(t)) (3)
Ta(t) =
1
2
ρπR2CT(λ(t), β(t)) v2(t) (4)
λ(t) =
wr(t) R
v(t)
(5)
Cp(λ, β) is power coefficient and CT(λ, β) is thrust coefficient of the rotor
of wind turbine.
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2.2.2 Drive-train
The two-mass model of the drive train is used and dynamic equation [12] [13]
are
Jgẇg(t) = −
Bdt
Ng2
ωg(t) +
Bdt
Ng
ωr(t) +
Kdt
Ng
θ(t)−Qg(t) (6)
Jrẇr(t) =
Bdt
Ng
ωg(t)− Bdtωr(t)− Kdtθ(t) + Qa(t) (7)
θ̇(t) = ωr(t)−
1
Ng
ωg(t) (8)
Jr is combined inertia of rotor and shaft, Jg is combined inertia of high
speed, drive-train and generator. Kdt is drive-train stiffness and Bdt is drive-
train damping coefficient. Qg is the generator torque, ωg is generator speed,
Ng is the gear ratio and θ is the drive-train torsion.
2.2.3 Tower
The tower is modeled as a mass-spring-damper system [15] [19] can be rep-
resented as
Mt q̈t = Ta(t)− Bt q̇t(t)− Ktqt(t) (9)
The relative wind speed is v(t) = Vh(t) − q̇(t), Vh is the absolute wind
speed measured at hub height and q(t) is the fore-aft bending displacement
of the tower. Mt is the model mass of the first fore-aft bending mode, Bt is
structural damping coefficient and Kt is the stiffness coefficient of the tower.
2.2.4 Pitch Actuator
The pitch actuator dynamics [15] [19] is
β̇(t) = − 1
τ
β +
1
τ
βre f (10)
βre f is the commanded pitch angle and τ is the time constant for the pitch
actuator.
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2.2.5 Generator
The generator dynamics [15] [19] can be represented as
Q̇g(t) = −
1
τg
Qg +
1
τg
Qg,re f (11)
Ṗg(t) = ηgωg(t)Qg(t) (12)
Qg,re f is the commanded generator torque, τg is the time constant for the
generator, ηg is the efficiency of the generator and Pg is the output power.
2.3 Linearization
2.3.1 Three-State Model
Aerodynamic torque acting on the drive train can be written by equation
3. Drive train dynamics is represented by equations 6, 7 and 8. Three-state
linear model [11] [12] [13] of wind turbine using numerical linearizaiton [17]
can be written as


ẋ1
ẋ2
ẋ3

 =


− BdtJg N2g
Bdt
Jg Ng
Kdt
Jg Ng
Bdt
Jr Ng
Qaw
Jr −
Bdt
Jr −
Kdt
Jr
− 1Ng 1 0


︸ ︷︷ ︸
A


x1
x2
x3


+


0
Qaβ
Jr
0


︸ ︷︷ ︸
B
u +


0
Qav
Jr
0


︸ ︷︷ ︸
Bd
ud (13)
y =
[
1 0 0
]
︸ ︷︷ ︸
C


x1
x2
x3

+
[
0
]
︸ ︷︷ ︸
D
u
(14)
Where Qav, Qaβ, Qaw are partial derivatives of the aerodynamic torque
with respect to wind speed, pitch angle and rotor speed calculated at the
operating point respectively. x1 is the generator speed, x2 is the rotor speed
and x3 is the drive-train torsion perturbation from the operating point. A
is state transition, B is control input, Bd is disturbance input, C is measured
state and D is output gain matrix of the plant.
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2.3.2 Five-State Model
We have generated five-state linear model of wind turbine with tower dynam-
ics using first principle method [17] by linearizing torque and thrust force at
the operating point ζ for above-rated wind speed condition
Qa(t) ≈ Qaζ + Qavδv + Qawδwr + Qaβδβ (15)
Ta(t) ≈ Taζ + Tavδv + Tawδwr + Taβδβ (16)
where δv, δwr, δβ are perturbation of wind speed, generator speed and
pitch angle from ζ respectively. Qaζ is the torque and Taζ is the thrust at
the operating point. Five-state linear model with tower dynamics [15] can be
represented as
[
ẋ1
ẋ2
ẋ3
ẋ4
ẋ5
]
=


− Bdt
Jg N2g
Bdt
Jg Ng
Kdt
Jg Ng
0 0
Bdt
Jr Ng
Qaw
Jr
− BdtJr −
Kdt
Jr
0 0
− 1Ng 1 0 0 0
0 Taw/Mt 0 −Kt/Mt −Bt /Mt
0 0 0 1 0


︸ ︷︷ ︸
A
[
x1
x2
x3
x4
x5
]
+


0 −1/Jg
Qab
Jr
0
0 0
Tab/Mt 0
0 0


︸ ︷︷ ︸
B
u +


0
Qav
Jr
0
Tav/Mt
0


︸ ︷︷ ︸
Bd
ud
(17)
y =
[
1 0 0 0 0
]
︸ ︷︷ ︸
C


x1
x2
x3
x4
x5

+
[
0
]
︸ ︷︷ ︸
D
u
(18)
Where the sensitivity coefficients are
Qav =
∂Qa
∂v
|ζ =
1
2
ρπR2v2
ωr
(
3Cp + v
∂Cp
∂λ
∂λ
∂v
)
, Tav =
∂Ta
∂v
|ζ =
1
2
ρπR2v
ωr
(
2CT + v
∂CT
∂λ
∂λ
∂v
)
Qaβ =
∂Qa
∂β
|ζ =
1
2
ρπR2v3
ωr
(
∂Cp
∂β
)
, Taβ =
∂Ta
∂β
|ζ =
1
2
ρπR2v2
(
∂CT
∂β
)
Qaω =
∂Qa
∂ωr
|ζ =
1
2
ρπR2v3
ωr
(
∂Cp
∂λ
∂λ
∂ωr
−
Cp
ωr
)
, Taω =
∂Ta
∂ωr
|ζ =
1
2
ρπR2v2
(
∂CT
∂λ
∂λ
∂ωr
)
x =
[
wg(t) wr(t) θ(t) q̇(t) q(t)
]
is the state matrix, u =
[
β Qg
]
is the input matrix, ud is the disturbance and y is the output.
16
3. Control Techniques
2.4 FAST Code
This model is used for the simulation of wind turbine wind collective and
individual pitch control. The FAST code was first developed at Oregon State
University [66] and validated [67] at the National Renewable Energy Labo-
ratory (NREL). It can model the dynamic response of both two and three
bladed, horizontal - axis wind turbines. For two-bladed turbines, 15 degrees
of freedom (DOFs) are used to describe the turbine dynamics. For NREL’s
5-MW three bladed wind turbine, it incorporates 16 DOFs; one edgewise
bending-mode for each blade and two flapwise , generator speed, drive shaft
torsional, nacelle-yaw-actuator, two side-to-side bending-mode and two fore-
aft bending-mode in the tower. This makes debugging and interpreting re-
sults very straightforward. Linear models can be extracted from FAST based
on just a subset of the total modeling DOF contained in FAST. The DOF can
be switched on or off and same can be used in closed-loop simulation. The
effects of un-modeled modes can be studied by switching on those DOF in
simulation, which are neglected in the linear model used for control design.
Aerodynamic loads are also modeled in Fast code and TurbSim is used to
generate 3D wind profile for the simulation.
3 Control Techniques
3.1 Introduction
In this section we will give a short description of the control techniques de-
veloped for the wind turbine. First of all classical PI control is used to reg-
ulate generator speed for above-rated wind speed condition using collective
pitch. Modern control LQG, DAC and multivariable DOBC are developed to
meet multiple control objectives using collective and individual blade pitch
of wind turbine. Then a gain scheduling DOBC with bumpless transfer is
proposed for above-rated wind speed condition of wind turbine.
3.2 Classical Proportional-Integral (PI) Control
The most widely used industrial controller is the PI because of its simplicity
and robustness to model inaccuracies. It is based on classical control theory
for single-input-single-output (SISO) systems and is used as baseline for the
performance analysis of modern control designs. For full load operation of
wind turbine, PI controller K(s) used to regulate generator speed using CPC
of wind turbine can be written as
K(s) = Kp +
Ki
s
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Kp and Ki are proportional and integral gains. Let G(s) is the transfer
function of wind turbine and Act(s) is the pitch actuator dynamics.
G(s)K(s) Act(s)Speed-Ref
Generator Speed
Pitch
-
+
Fig. 6: Closed-loop System with PI Control
3.3 Linear Quadratic Gaussian (LQG)
LQG is a optimization controller based on linear state space model of system
with quadratic cost function. It is a superposition of Linear Quadratic Regu-
lator(LQR) and Linear Quadratic Estimator(LQE).
State space equation of the plant [11] is
ẋ = Ax(t) + Bu(t) + Bdξ(t) (19)
y(t) = Cx(t) + Du(t) + µ(t) (20)
ξ is plant and µ is the measurement white Gaussian noise.
Feedback law [11] is
u = −K f x̂(t) (21)
Then dynamics of closed loop system with LQG controller [11] is shown
in Fig. F.2 and can be represented as
[
ẋ(t)
ė(t)
]
=
[
A− BK f BK f
0 A− BKk
] [
x(t)
e(t)
]
+
[
Bd 0
Bd −Kk
] [
ξ(t)
µ(t)
]
(22)
y(t)=
[
C 0
] [ x(t)
e(t)
]
+
[
0 1
] [ ξ(t)
µ(t)
]
(23)
K f is full state feedback matrix, Kk is kalman gain matrix, x̂(t) is the estimated
states of the plant and e(t) is the error between the estimated and measured
states of the plant.
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Fig. 7: Structure of LQG Control for Wind Turbine [11]
3.4 Disturbance Accommodation Control (DAC)
DAC theory is used to solve multi-objective problem using optimal control.
DAC is the superposition of state feedback and disturbance feedback to reject
the effect of known disturbance.
Wind turbine linear state-space model [12] [13] is
ẋ = Ax(t) + Bu(t) + Bdud(t) (24)
y(t) = Cx(t) (25)
Feedback control law [12] [13] is
u = −(K f x x̂(t) + K f d ẑd(t)) (26)
Then closed loop system with DAC [12] can be represented as


ẋ
żd
˙̂x
˙̂zd

=


A 0 −BK f x −BK f d
0 F 0 0
KoxC 0 A− BK f x − KoxC Bdθ − BK f d
KodC 0 −KodC F




x
zd
x̂
ẑd

+


Bd
0
0
0

 ud
(27)
Let
A =
[
A Bdθ
0 F
]
, C =
[
C 0
]
, Ko =
[
Kox
Kod
]
, K f =
[
K f x K f d
]
Also
e(t) =
[
ex(t) ed(t)
]
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where ex(t) = x(t)− x̂(t), ed(t) = zd(t)− ẑd(t)
Then dynamic of system with DAC [13] is shown in Fig.8 and can also be
written as
[
ẋ
ė
]
=
[
A + BK f x BK f
0 A− K0C
] [
x
e
]
+
[
BK f d + Bdθ
0
]
zd (28)
Where F is state and θ is the output matrix of known disturbance wave-
form. x is the state of the plant, zd is state of the disturbance, ẑd is estimated
state of the disturbance and x̂ is estimated state of the plant. K f x is state
feedback matrix, K f d is disturbance feedback matrix, Kox is kalman state es-
timation matrix, Kod is kalman disturbance estimation matrix.
Plant
State
Estimator
Disturbance
Estimator
Kfd
Kfx
ud
u
y
ŷ
ûd
ẑd
x̂
Σ
Fig. 8: Structure of DAC Control [13]
3.5 Disturbance Observer Based Control (DOBC)
Let the open loop system is
ẋ = Ax(t) + Bu(t) (29)
y(t) = Cx(t) + Du(t) (30)
It can also be represented as
G(s)=
[
A B
C D
]
(31)
Disturbance accommodated observer based control [15] can be represented
as
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u= K(s) y (32)
where
K(s)=


A− BKx − LxC + LxDKx Bdθ − BKd + LxDKd Lx
LdDKx − LdC LdDKd + F Ld
−Kx −Kd 0

 (33)
Kx is state feedback matrix, Lx is kalman state estimation matrix, Kd is
disturbance feedback matrix, Ld is kalman disturbance estimation matrix.
So closed loop system with disturbance accommodated observer based
control is
K(s)
G(s)
ud
y
Fig. 9: Closed-loop system with DOBC [15]
3.6 Bumpless Transfer of DAC Controllers
Let G0(s) and G1(s) be the detectable and stablizable linearized plant of G(s)
at two operating points and is scheduled [59] as
Gγ(s)=(1− γ)Go(s)− γG1(s) (34)
Let K0(s) and K1(s) are DAC controllers tuned at operating points to sat-
isfy the desired performance. Lx0 , Ld0, Kx0 and Kd0 are the plant state estima-
tion, disturbance state estimation, plant state feedback and disturbance feed-
back matrices respectively for the first controller. Lx1 , Ld1, Kx1 and Kd1 are
the plant state estimation, disturbance state estimation, plant state feedback
and disturbance feedback matrices respectively for the second controller.
Kd(γ)=(1− γ)Kd0 − γKd1 (35)
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Kx(γ)=(1− γ)Kx0 − γKx1 (36)
Ld(γ)=(1− γ)Ld0 − γLd1 (37)
Lx(γ)=(1− γ)Lx0 − γLx1 (38)
Then Kγ(s) is the family of internally stable disturbance accommodated
observer based controllers [16] can be represented as
A11(γ) = A(γ)− B(γ)Kx(γ)− Lx(γ)C(γ) + Lx(γ)D(γ)Kx(γ) (39)
A12(γ) = Bd(γ)θ − B(γ)Kd(γ) + Lx(γ)D(γ)Kd(γ) (40)
A21(γ) = Ld(γ)D(γ)Kx(γ)− Ld(γ)C(γ) (41)
A21(γ) = Ld(γ)D(γ)Kd(γ) + F (42)
Kγ(s)=


A11(γ) A12(γ) Lx
A21(γ) A22(γ) Ld
−Kx −Kd 0

 (43)
Where γε(0, 1) is the scheduling parameter.
A(γ) is interpolated state transition, B(γ) is interpolated control input,
Bd(γ) is interpolated disturbance input, C(γ) is interpolated measured, D(γ)
is the interpolated output matrices of Gγ(s) between the operating points.
4 Conclusion and Future Work
Multivariable linear control techniques are developed to reduce fatigue of
wind turbine components- drivetrain, tower, rotor blade and regulate output
power in the presence of aerodynamic loads and sensor noise for full load
operation using rotor bloade pitch control. Wind turbine linearization is per-
formed using numerical method and three state linear model of wind turbine
is presented. A systematic design methodology for the LQG control using op-
timal control theory is developed for NREL’s CART2 wind turbine using CPC
to get better speed regulation and mitigation of turbulent wind in the pres-
ence of sensor measurement noise. DAC with optimal control theory make
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∫Bd C(γ)
A(γ)
B(γ)
yŷ
Lx(γ)
θ
F
∫
Ld(γ)
Kd(γ)
Kx(γ)
u
Fig. 10: Parametrized DAC Structure [16]
system disturbance free, therefore it is designed to meet multiple control ob-
jectives of wind turbine i.e., less fluctuation in output power, better stability
and reduced loads on drive train. Wind profile is modeled with wind shear
and tower shadow effect then tested on NREL’s 5MW for step mitigation in
the presence of actuator dynamics. DAC is designed with extended distur-
bance states to mitigate step wind as well as periodic aerodynamic loads and
tested on FAST code model of wind turbine. It can be inferred from the re-
sults that it shows better mitigation to turbulent wind, wind shear and tower
shadow effects, less power fluctuation and filtered well 3p harmonics using
CPC. Wind tunnel experimental is performed to investigate the effect of icing
on rotor blade of wind turbine. Three small scale models of the wind turbine
rotor blade with same profile with different icing effects are tested. Power co-
efficient curves generated from the experiment are compared and analyzed
to see the aerodynamic changes. It is observed that there should be some
mechanism which should adopt with these changes to get more efficiency
from the wind turbine.
Multivariable disturbance accommodated observer based control strategy
is proposed using individual blade pitch control (IPC) of wind turbine to
reduce fatigue of component under wind shear and tower shadow effect.
IPC control showed less fluctuation in output power, reduced loads on gear-
box and tower in the presence of wind shear and tower shadow effects as
compared to the PI and DAC with CPC. Five-state linear model with tower
dynamics using first principle linearization is presented and disturbance is
modeled for 1p, 3p and 6p flicker mitigation. Multivariable DOBC is tuned
using Bryson’s rule to meet multiple objectives -power regulation, tower and
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drive train fatigue reduction under the effect of periodic aerodynamic loads
using IPC. A parametrized DAC is presented for above rated wind speed
condition. Linear Time Invariant DAC controllers are tuned at different oper-
ating points to get desired performance and then bumpless transfer between
the controllers is described by interpolation method. Its simulation results
for full load operation of wind turbine showed that parametrized controller
scheduling with operating point has better fatigue reduction of components
and regulation of output power as compared to fixed gain DAC.
DAC is based on linear model of the plant and disturbance, so DAC can be
developed with extended states of the wind turbine linear model with side-
side moments and also disturbance modeled for 3p,6p, 9p flicker mitigation.
Model uncertainties can be handled using robust or adaptive control which
may shows better performance of the controller under the icing condition.
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